proteins, and TIFA has been reported to bind IRAK-1 (14) . However, RNAi indicated that HBP signals independently of IRAK-1, -2, and -4 (fig. S13A). In contrast, knockdown of TAK1, IkKb, or IkKg (NEMO), but not IkKa, reduced HBPmediated signaling (fig. S13B). Therefore, TIFA is the entry point into TRAF6-mediated canonical NF-kB activation induced by HBP.
In considering the upstream events in HBP detection, we asked whether TIFA itself was modified in response to HBP. Mass spectrometry of affinity-purified TIFA-1XFLAG from Jurkat cells identified an evolutionarily conserved amino acid (Thr 9 ) as being inducibly phosphorylated (pT9) by HBP (Fig. 3A) . TIFA mutated to prevent phosphorylation (T9A) was unable to interact with TRAF6 or mediate NF-kB activation after treatment with HBP ( Fig. 3, B to D) . Moreover, substitutions at conserved residues in the phospho-threoninebinding FHA domain (G50E/S66A) or in the TRAF6 binding site (E178A) also prevented complementation. A previous report found that pT9 occurs upon TIFA overexpression, leading to oligomerization via intermolecular pT9 binding with the FHA domain (21) . We observed that HBP triggered TIFA oligomerization, a process independent of TRAF6 binding but dependent on pT9 (Fig. 3 , E and F). Given that soluble HBP can enter the cytosol via endocytosis and that bacterial phagocytosis liberates HBP, we asked whether lysosomes play a role in TIFA signaling. Treatment of 293T cells with HBP induced the formation of TIFA aggregates that colocalized with the lysosomal marker Lamp-2 ( Fig. 3 , G and H). TIFA aggregation was independent of TRAF6 binding but was dependent on pT9 and the FHA domain (Fig. 3 , G and H, and fig. S14 ). Thus, phosphorylationdependent oligomerization of TIFA triggers the HBP signaling cascade. Whether TIFA itself is the receptor for HBP, or a proximal adaptor in the signaling axis, needs to be determined.
To investigate the effect of HBP detection in vivo, we first used a mouse dorsal air pouch model to study acute inflammation (22) . Injection of HBP-containing supernatant, absent other PAMP contamination ( fig. S15A ), into the air pouch induced local cytokine production in 1 hour (fig. S15B), systemic keratinocyte-derived chemokine (KC) (CXCL1) and TNFa production in 3 hours, and culminated in neutrophil recruitment (Fig. 4 , A and B). Innate recognition of PAMPs provides critical instruction to the onset of adaptive immunity (23) . Therefore, we analyzed the antibody titers produced after nonlethal challenge of mice with N. meningitidis DgmhB or DhldA, strains that differ only in the presence of HBP. The HBPproducing strain (DgmhB) induced a transient increase in meningococcal-specific immunoglobulin M (IgM) and significantly more class-switched antimeningococcal IgG, in particular T helper cell 1-associated subclasses IgG2a, b, and IgG3, upon rechallenge (Fig. 4, C and D) .
Our findings identify HBP as a previously unrecognized component of the immunological signature of Gram-negative bacteria. That HBP can access the cytosol and engage the TIFA signaling axis in the absence of bacterial virulence factors distinguishes this pathway from other cytosolic PAMPS, like LPS or flagellin, that require bacterialmediated cytoplasmic delivery (24) (25) (26) (3) (4) (5) (6) (7) . RTN neurons do not develop in Phox2b 27Ala/+ mouse models carrying a human Phox2b mutation that causes congenital central hypoventilation syndrome (CCHS) (6, 7); like CCHS patients, these mice display disrupted central respiratory chemosensitivity, increased apneas, and impaired survival. Alkaline-activated TASK-2 (K 2P 5) background K + channels mediate pH sensitivity in a subset of RTN neurons, but other molecular pH sensors appear to be required (8, 9) .
In insects, receptors that couple via heterotrimeric guanine nucleotide-binding proteins (GPCRs) are sufficient for CO 2 chemosensation (10). We examined ventilatory responses to CO 2 in conscious, unrestrained mice deleted for each of the mammalian proton-activated GPCRs: GPR4, GPR65, and GPR68 (11, 12) . In mice lacking GPR65 and GPR68, the ventilatory effect of 5% CO 2 was identical to that in wild-type mice ( fig. S1 ). In contrast, in mice lacking GPR4 (in two genetic backgrounds), ventilation was decreased over a range of CO 2 concentrations (bỹ 65% at 6 and 8% CO 2 ; Fig. 1A and figs. S1 and S2). GPR4 is expressed in the carotid body ( fig.  S1 ), but the blunted ventilatory response to raised CO 2 persisted in mice after bilateral transection of the carotid sinus nerve ( fig. S1 ) and was observed under high O 2 conditions that minimize activation of carotid body chemoreceptors (Fig.  1A) . Mice lacking GPR4 retained a normal ventilatory response to hypoxia (Fig. 1B and fig. S1 ). There were no effects of GPR4 deletion on spontaneous activity or exploratory behavior ( fig. S3) , and mice lacking GPR4 had only a mild renal acidotic phenotype (table S1) (13) , without any of the vascular abnormalities previously associated with inactivation of this receptor (12, 14) . Finally, the incidence of spontaneous apneic events was about six times higher in GPR4 −/− mice ( Fig. 1C and fig. S2 ). Thus, GPR4 deletion in mice approximates breathing deficits caused by selective genetic loss of RTN neurons (6, 7) and recapitulates two cardinal neurological features of CCHS: blunted central respiratory CO 2 chemosensitivity and increased apneic episodes (6, 7, 15) . The total number of RTN neurons counted (every third section) from Jx-GPR4 +/+ and Jx-GPR4
−/− mice activated in response to 0% (n = 4 and 4), 6% (n = 5 and 5) or 8% CO 2 (n = 6 and 5). (P < 0.0001, between genotypes by two-way RM-ANOVA; **P < 0.01 and ****P < 0.0001 for pairwise comparisons; NS, not significant).
Balance O 2
In vivo ventilatory response to raised carbon dioxide We examined expression of GPR4 in the RTN neurons that are implicated in CCHS and central respiratory CO 2 chemosensitivity (6, 7, 9). Multiplex in situ hybridization revealed strong GPR4 expression in a large fraction of Phox2b-expressing neurons throughout the rostrocaudal extent of the RTN (~68% , Fig. 1D ); GPR4 expression was evident, but low, in some raphe neurons and undetectable elsewhere in the brainstem (Fig. 1D) . We used a more sensitive multiplex single-cell polymerase chain reaction assay in dissociated green fluorescent protein (GFP)-expressing RTN neurons (from Jx-Phox2b-eGFP transgenic mice) and found that nearly all RTN neurons expressed GPR4 (91%) and very few expressed other members of the receptor family ( fig. S4 ). Expression of GPR4 was eliminated in GFP-positive RTN neurons from Jx-GPR4 −/− mice (crossed with a JxPhox2b-eGFP line), with no apparent compensatory up-regulation of other proton-activated GPCRs ( fig. S4 ). Acute exposure of Jx-GPR4 +/+ mice to CO 2 (in hyperoxia) caused a concentrationdependent increase in cFos-immunoreactivity in RTN neurons (Fig. 1 , E to G), which is indicative of neuronal activation in vivo (16, 17) . In contrast, very few CO 2 -activated RTN neurons were found in Jx-GPR4 −/− mice ( Fig. 1 , E to G). GPR4 expression was detected in C1 adrenergic and serotonergic raphe neurons ( fig. S4 ), but there were no genotype-dependent differences in the small fraction of those neurons activated after CO 2 exposure ( fig. S5) . Activation of RTN neurons by CO 2 and/or H + can also be observed in brainstem slice preparations in vitro (18) . Most GFP-expressing RTN neurons from wild-type mice (~90%) increased firing rate during extracellular acidification and decreased firing rate with bath alkalization (Fig. 2,  A, C, and D) . In contrast to the nearly universal pH sensitivity of wild-type neurons (defined as >30% decrease in firing from pH 7.0 to pH 7.8; fig. S6 ), we found that~40% of RTN neurons from Jx-GPR4 −/− mice were pH-insensitive; the remaining~60% of GPR4-deleted neurons were pH-sensitive, but they displayed lower firing rates across the pH range (Fig. 2, B to D) . Under voltage clamp, a pH-dependent background K + current was observed in pH-sensitive RTN neurons from both wild-type and Jx-GPR4 −/− mice (3, 4), but this current was absent in the pH-insensitive population from Jx-GPR4 −/− mice (Fig. 2, E and F) .
The residual pH-sensitive background K + current is probably mediated by TASK-2, an intrinsically pH-sensitive K 2P channel that is expressed in~60 to 70% of RTN neurons from wild-type and GPR4-deleted mice ( fig. S7) (8) . However, it is unlikely that TASK-2 is the downstream effector for GPR4, because pH-dependent modulation of TASK-2 was unaffected by GPR4 signaling (fig. S7 ).
Incubation of brainstem slices from wildtype mice with a small-molecule GPR4 receptor antagonist (19) yielded results similar to those from GPR4 deletion. A prominent group of blocker-treated RTN neurons was insensitive to changes in pH (~40%), whereas a second group retained their pH sensitivity (~60%; Fig. 3 , A to C); the basal firing rate was also reduced in cells treated with the GPR4 receptor blocker (Fig.  3C) . To test whether G-protein activation modulates the activity of wild-type RTN neurons, we performed whole-cell recordings with pipettes containing either guanosine triphosphate (GTP) or GTP-g-S (a poorly hydrolyzable GTP analog that can mimic and irreversibly sustain G-protein signaling). In the presence of GTP, repeated bouts of alkalization and acidification yielded reversible and reproducible changes in membrane potential and firing rate of RTN neurons (Fig. 3,  D and F) . However, RTN cells dialyzed with GTP-g-S showed diminished membrane potential responses with repeated pH changes, accompanied by progressive membrane depolarization and increased baseline firing (Fig. 3, E and F) . Likewise, the acid-induced inward shift in holding current showed little recovery or repeatability in neurons recorded with GTP-g-S (Fig. 3, G to I ). Strong membrane depolarization (or inward current) often occurred immediately upon wholecell access in neurons recorded with GTP-g-S relationship of pH-sensitive difference current (pH 8 minus pH 7) for RTN neurons from GPR4 +/+ mice (n = 16) and from GPR4 −/− mice that were identified in cell-attached recordings as pH-sensitive (n = 11) or pH-insensitive (n = 5). Data are overlaid with fits using the Goldman-Hodgkin-Katz (GHK) equation for a "leak" K + current. **P < 0.05 versus GPR4
−/−
: pHinsensitive, by two-way RM-ANOVA with Tukey's test. (n = 8); after returning membrane potential and firing rate to normal levels with hyperpolarizing current injection (n = 3), those GTP-g-Scontaining cells were insensitive to changes in pH. In addition, bath acidification and alkalization failed to evoke membrane depolarization and hyperpolarization in a subset of RTN neurons recorded with GDP-b-S (n = 4 out of 7), a GDP analog that interferes with receptorstimulated GDP:GTP exchange. We tested whether targeted re-expression of GPR4 in Phox2b-expressing RTN neurons would rescue the defective respiratory phenotype of mice lacking GPR4. A lentiviral vector was prepared that used a Phox2b-responsive promoter (PRSx8) to drive GPR4 expression in RTN neurons (5, 20) ; a control virus expressed GPR4(R117A), a mutated receptor that cannot engage downstream G-protein signaling ( fig. S8) (21) . Four weeks after virus injection into the RTN region of adult Jx-GPR4 −/− mice (Fig. 4A ), many RTN neurons and some nearby C1 neurons were transduced (Fig. 4, B to D, and fig. S9 ). Nearly all virally transduced cells expressed Phox2b (i.e.,~85% of mCherry+ cells were also GFP+). This RTN neuron-selective re-expression of GPR4 yielded a full rescue of the ventilatory response to CO 2 (Fig. 4E) . In contrast, the signaling-deficient mutant of GPR4 failed to rescue the breathing deficits (Fig. 4F) . Neither virus modified the hypoxic ventilatory response ( fig. S9 ). An identical rescue was observed using a lentivirus in which GPR4 expression was controlled by a nonselective EF1a promoter ( fig. S10 ). Re-expression of GPR4, but not GPR4(R117A), in RTN neurons reduced the number of apneic events in Jx-GPR4 −/− mice ( Fig.   4G ) and restored CO 2 -induced cFos expression in RTN neurons (Fig. 4, H and I) . Virtually all the activated and transduced cells were Phox2b-expressing (~91%), and the majority of the activated RTN neurons were transduced (~64%) (Fig. 4I) ; in a mouse that received a unilateral virus injection, (two-way RM-ANOVA; *P < 0.05 for GTP versus GTP-g-S by Bonferroni test; and †P < 0.05 versus first application by Dunnett's test; n = 8 and 4). (G and H) Effects of repeated changes of bath pH on holding current in wild-type RTN neurons during whole-cell voltage clamp recording with pipettes that contained GTP (G) or GTP-g-S (H).The inset shows the pH-sensitive I-V obtained during the first sojourn from pH 8 to pH 7 for both cells, overlaid with a fit using the GHK equation. (I) Normalized pHsensitive current (pH 8 minus pH 7 at -60 mV, top) and holding current at pH 8 (bottom) during repeated bouts of bath acidification and alkalization (two-way RM-ANOVA; *P < 0.05 for GTP versus GTP-g-S by Bonferroni test; and †P < 0.05 versus first application by Dunnett's test; n = 7 and 3). mice before and after lentiviral delivery; *P < 0.05, ****P < 0.0001, pairwise comparisons at each CO 2 level by Bonferroni test). (G) The frequency of spontaneous apneic events was reduced after the injection of GPR4-mCherry lentiviral vector into the RTN (n = 8; *P < 0.05 by t test,~22% of pre-injection control) but not GPR4(R117A)-mCherry (n = 10, P > 0.18 by t test). Note the outlying data point from one mouse that received GPR4(R117A)-mCherry. (H) Many virally transduced (mCherry+) RTN neurons (GFP+) were activated (cFos+) by 8% CO 2 exposure (white arrows) after injection of PRSx8-lentivirus expressing GPR4 into RTN of Jx-GPR4 −/− mice; CO 2 -activated GFP+ neurons that were not detectably transduced were also observed (yellow arrows). (I) (Left) CO 2 -activated cFos expression in RTN neurons was rescued after the injection of PRSx8-GPR4 but not PRSx8-GPR4(R117A) lentivirus (n = 4 and 7, P < 0.0001 by one-way ANOVA, ****P < 0.0001 by pairwise comparison); data from Jx-GPR4 +/+ and Jx-GPR4 −/− mice are re-plotted from . Among Phox2b+ neurons that expressed GPR4 and/or TASK-2, 72.9 T 0.8% expressed both genes, 18.1 T 1.0% were labeled only for TASK-2, and 9.0 T 0.2% were labeled only for GPR4 (n = 3). (K) Minute ventilation (V E ) during incremental CO 2 challenge for the indicated genotypes. †, all controls greater than all single or double knockouts, P < 0.0001; *, both single knockouts greater than double knockouts (n values provided), by two-way RM-ANOVA with Bonferroni pairwise comparisons.
CELL DIVISION CYCLE
Kinetochore attachment sensed by competitive Mps1 and microtubule binding to Ndc80C
Zhejian Ji, Haishan Gao, Hongtao Yu*
The spindle checkpoint of the cell division cycle senses kinetochores that are not attached to microtubules and prevents precocious onset of anaphase, which can lead to aneuploidy. The nuclear division cycle 80 complex (Ndc80C) is a major microtubule receptor at the kinetochore. Ndc80C also mediates the kinetochore recruitment of checkpoint proteins. We found that the checkpoint protein kinase monopolar spindle 1 (Mps1) directly bound to Ndc80C through two independent interactions. Both interactions involved the microtubule-binding surfaces of Ndc80C and were directly inhibited in the presence of microtubules. Elimination of one such interaction in human cells caused checkpoint defects expected from a failure to detect unattached kinetochores. Competition between Mps1 and microtubules for Ndc80C binding thus constitutes a direct mechanism for the detection of unattached kinetochores.
U nattached kinetochores (KTs) recruit and activate spindle checkpoint proteins to produce wait-anaphase signals, ensuring the fidelity of chromosome segregation. Microtubule (MT) attachment releases checkpoint proteins from KTs and attenuates checkpoint signaling. Whether KT signaling of any checkpoint proteins is directly inhibited by MT attachment remains to be established, however. The KMN network of KT proteins acts both as a critical MT receptor and a signaling platform for the spindle checkpoint (1-4) . In humans, KMN contains the kinetochore null 1 protein (Knl1), the minichromosome instability 12 complex (Mis12C), and the nuclear division cycle 80 complex (Ndc80C). Ndc80C directly engages MTs through the Nterminal tail of highly expressed in cancer 1 (Hec1) and Calponin Homology (CH) domains of Hec1 and nuclear filament-containing protein 2 (Nuf2) (5) . Ndc80C also mediates the KT localization of key checkpoint proteins, including monopolar spindle 1 (Mps1) and the mitosis arrest deficiency 1-2 complex (Mad1-Mad2) (6, 7). MT attachment releases both Mps1 and Mad1-Mad2 from KTs.
